Pathogenic bacteria introduce effector proteins directly into the cytosol of eukaryotic cells to promote invasion and colonization. OspG, a Shigella spp. effector kinase, plays a role in this process by helping to suppress the host inflammatory response. OspG has been reported to bind host E2 ubiquitin-conjugating enzymes activated with ubiquitin (E2~Ub), a key enzyme complex in ubiquitin transfer pathways. A cocrystal structure of the OspG/UbcH5c~Ub complex reveals that complex formation has important ramifications for the activity of both OspG and the UbcH5c~Ub conjugate. OspG is a minimal kinase domain containing only essential elements required for catalysis. UbcH5c~Ub binding stabilizes an active conformation of the kinase, greatly enhancing OspG kinase activity. In contrast, interaction with OspG stabilizes an extended, less reactive form of UbcH5c~Ub. Recognizing conserved E2 features, OspG can interact with at least ten distinct human E2s~Ub. Mouse oral infection studies indicate that E2~Ub conjugates act as novel regulators of OspG effector kinase function in eukaryotic host cells.
Introduction
The human immune system orchestrates a multifaceted defense against invading enteric pathogens. In response, pathogenic bacteria have evolved a number of strategies to evade host defenses. Gramnegative pathogens like Shigella spp., Yersinia spp., and pathogenic Escherichia coli utilize a Type III secretion apparatus to introduce a suite of bacterial effector proteins that can target host cell signaling pathways and function to facilitate bacterial entry, survival, and replication (Phalipon & Sansonetti, 2007) . Many of these effectors work to prevent host innate immune responses, including activation of nuclear factor-jB (NFjB) and mitogen-activated protein kinase (MAPK), signaling pathways that govern expression of immuneresponse genes (Ogawa et al, 2008) . Typical of many eukaryotic signaling cascades, activation and regulation of these pathways rely heavily upon post-translational modification of proteins involving both phosphorylation and ubiquitination.
Bacterial effector kinases, phosphatases, and acetyl transferases have been identified that can manipulate or disrupt key host signaling pathways involving protein phosphorylation [e.g. SteC from Salmonella (Poh et al, 2008) , and YpkA (Juris et al, 2000) , YopH, and YopJ from Yersinia (Guan & Dixon, 1990; Bliska et al, 1991) ]. Likewise, numerous effectors that engage host ubiquitination machinery and target ubiquitin (Ub) signaling pathways have also been described. In eukaryotes, targeted modification of proteins by Ub requires three sequential enzyme activities; an E1 Ub-activating enzyme, an E2 Ub-conjugating enzyme, and an E3 Ub-ligase. Pathogens such as Shigella and Salmonella exploit this signaling pathway by encoding multiple effector proteins that can function as E3 ubiquitin ligases and deubiquitinases [e.g. the IpaH, SspH, and SseL enzymes (Rohde et al, 2007; Rytk€ onen et al, 2007) ]. These bacterial enzymes must recognize and repurpose host Ub-transfer machinery and/or substrate proteins to disrupt Ub signaling. To function and compete in a eukaryotic environment, bacterial effectors are thought to be highly active enzymes (Levin et al, 2010) , though certain effectors exhibit weak enzyme activity when isolated and require interaction with eukaryotic factors to stimulate activity. For instance, the effector phospholipase ExoU from Pseudomonas aeruginosa requires interaction with host Ub for enhanced enzymatic activity (Anderson et al, 2011) .
OspG, an effector first identified in Shigella spp. but also found in strains of Yersinia and enterohemorrhagic E. coli, appears to exploit both eukaryotic ubiquitin and phosphorylation signaling pathways during pathogenesis. Kim et al (2005) showed that OspG (i) exhibits weak kinase activity in vitro, (ii) acts to slow proteasomal degradation of the NFjB inhibitor IjBa in cells during Shigella infection, and (iii) interacts directly with E2~Ub conjugates. Recently, Zhou et al (2013) demonstrated that binding to Ub could enhance OspG kinase activity, but the significance of OspG/E2~Ub interactions remained unclear. To investigate the role of OspG during pathogenesis, its function as a kinase, and the significance of its interactions with E2~Ub conjugating enzymes, we determined a crystal structure of an OspG/E2~Ub complex. The structure shows that OspG is a minimal kinase domain that retains key catalytic elements also found in eukaryotic kinases. While isolated OspG appears to be highly dynamic and weakly active, complex formation stabilizes a highly active conformation via interaction with both subunits of the E2~Ub conjugate. Mutations that selectively target the OspG/E2~Ub interaction show reduced kinase activity in vitro and reduced ability to attenuate the immune response in a mouse model for Shigella infections, confirming a key role for the interaction in a host cell environment. Our results provide structural and functional insights into a class of effector kinases from medically important enteric pathogens and illustrate a mechanism by which bacteria exploit host proteins as regulatory cofactors to aid in pathogenesis.
Results
Crystal structure of the OspG/UbcH5c-O~Ub complex To define the molecular interactions that govern assembly, we determined the crystal structure of the OspG/UbcH5c-O~Ub complex to 2.70 A ( Fig 1A and Table 1 ). The covalent oxyester linkage between the UbcH5c active site (mutated from cysteine to serine) and the Ub C-terminus is maintained in the complex ( Supplementary Fig S1A) and binding to OspG does not significantly alter the conformations of either UbcH5c or Ub. Pairwise RMSDs of backbone atoms are < 0.4 A for both the UbcH5c and Ub subunits (compared to PDB IDs 1X23 and 1UBQ, respectively) with minor structural variation observed in the Ub K48-loop. Both the UbcH5c and Ub subunits contact OspG, but bind to distinct surfaces, placing the Ub and UbcH5c subunits in an extended conformation with respect to each other (Fig 1A and B) . The OspG binding surface of UbcH5c (encompassing 547 A 2 of solvent-accessible surface) is comprised of residues located in Helix 1 (K4, R5, and K8), Loop 4 (D59, F62, K63), and Loop 7 (S91, Q92, W93, P95, and A96). Ub binds to OspG using an extensive surface (~907 A 2 ) that is centered about the L8-I44-V70 hydrophobic patch, but also involves the loop containing Ub residues A46, G47, and K48, and residues S57, D58, Y59, and N60 located in a short helical segment ( Fig 1A and B and Supplementary Fig S1B) .
OspG represents a minimal kinase domain that lacks added structural features typically found in eukaryotic kinases. The structure of OspG in the complex is well defined by the electron density with the exception of a 10x-His tag and 25 native residues at the N-terminus that are disordered and may encode a sequence necessary for recognition by the Type III secretion apparatus. Like other kinases, OspG has an N-terminal lobe composed of a long a-helix and 5-stranded b-sheet that is connected to a predominantly a-helical C-terminal lobe by a short hinge segment (Fig 1C) . OspG contains only four a-helical segments and lacks a helix corresponding to cAMP-dependent protein kinase (PKA) aD ( Supplementary Fig S1C and D) . To our knowledge, all other kinase structures solved to date have additional C-terminal a-helical elements (aG, aH and aI in PKA; Supplementary Fig S1C and D) that interact with both the aE and aF helices. Instead, the position of these helices is occupied by the Ub subunit within the OspG/UbcH5c~Ub complex ( Fig 1A) . Finally, though many of the hydrophobic residues that make up the catalytic-and regulatory-spines described for PKA and other eukaryotic kinases (Taylor et al, 2012) have structural analogues in OspG, comparisons of protein contact maps reveal that OspG has significantly fewer direct contacts between its N-terminal and C-terminal lobes overall ( Supplementary Fig S1E) . Complex formation with UbcH5c~Ub appears to compensate for the minimal number of intra-protein contacts observed between the N-and C-terminal lobes of the OspG kinase. UbcH5c interactions occur primarily with OspG residues in the N-terminal lobe (OspG residues D47, A78, F79, Y80, G81, E83) and the hinge segment (OspG residues L99, R100, P102) (Fig 1B) . Some additional UbcH5c contacts are observed for OspG residues in the loop connecting the short b-strands b6 and b7 in the C-terminal lobe located directly behind the ATP binding pocket (OspG residues E149, S150, F154). The Ub subunit binds exclusively to the OspG C-terminal lobe, docking the Ub K48-loop into a pocket formed by the triangular arrangement of OspG a2, a3, and a4 helices (Fig 1B and C) . Ub makes extensive contacts with OspG that include a2-helix residues E119, S120, L123, Q124, I126, C127, N130, E131, and I135, a3-helix residues Y162, Y165, and Y166, and a4-helix residues K170, K173, D177, L180, Q181, and Y188 ( Supplementary Fig S1B) . Thus, simultaneous contacts to both subunits of the E2~Ub conjugate via two different surfaces align the positions of the OspG N-and C-terminal lobes.
Comparisons to structurally similar proteins using the Dali server (Holm & Rosenstr€ om, 2010) reveal that OspG adopts a structure very similar to kinases that crystallized in active conformations. Critical structural and catalytic features that define eukaryotic protein kinases are preserved in OspG. A Glu-Lys salt bridge located between the aC helix and b-strand 3, a structural hallmark of active kinases (Taylor et al, 2012) , is formed by OspG residues E72 and K53 (structurally analogous to PKA residues E91 and K72, respectively; Fig 1D, Supplementary Fig S1C) . The DFG motif, which contains both structural and catalytic residues, consists of only DF in OspG. However the conformations of OspG D157 and F158 are nearly identical to those observed for analogous residues in PKA (D184 and F185 in PKA; Fig 1D) . Likewise, the positions of OspG H136, D138, and N143 (corresponding to PKA residues Y164, D166, and N171 that define the HxDxxxxN catalytic motif) also overlay with the corresponding PKA residues. The overall structure of the OspG ATP-binding pocket is very similar to kinase structures determined in the presence of bound ligands. Undefined electron density reminiscent of ATP and Mg 2+ was observed in the OspG ATP binding pocket (Fig 2A) . Notably, ATP and Mn 2+ from the PKA structure can be docked directly into the OspG active site by aligning the kinase domains (Fig 2B) . Thus, A Ribbon representation of the OspG/UbcH5c-O~Ub crystal structure determined at 2.70 A. Ub (red) is covalently linked to UbcH5c (green) and associates in an extended conformation with OspG (orange). The OspG active site formed by a cleft between the N-and C-lobes is marked and faces away from the UbcH5c~Ub conjugate. B 'Open book' representation of the OspG/UbcH5c-O~Ub interfaces. Surfaces are colored according to their interacting protein and landmark features are labeled. C Ribbon representation of the OspG kinase structure looking into the active site cleft. Secondary structure elements are labeled. D Global superposition ( Supplementary Fig S1D) of OspG and PKA (PDB ID 1ATP; Zheng et al, 1993) overlay important structural and catalytic residues. OspG residues are labeled and the corresponding PKA residues are shown in Supplementary Fig S1C) . E Superposition of OspG and PKA highlights differences in the arrangement of helices in the C-terminal lobe of each kinase. OspG helices are labeled. The structure of OspG is shown through the C-terminus whereas PKA has an additional 115 residues that are hidden. All PKA residue numbering used here and in the text matches PDB entry 1ATP. Where the structure of OspG differs markedly from eukaryotic kinases is the conformation of helices in the C-terminal lobe. In eukaryotic kinases the conformation of the peptide backbone that positions the catalytic Asp in the HxDxxxN-motif is dependent upon a key hydrogen bond to a highly conserved Asp (PKA D220 in helix aF; Fig 1E) . OspG does not have a structurally analogous Asp residue and the position of the N-terminal segment of the OspG a2 helix differs markedly from the PKA aF helix. Instead, the middle residue of the HxD motif, OspG Y137, interacts with I176 and R179 in the a4 helix helping to stabilize an unusual triangular arrangement of the OspG C-terminal lobe helices (a2, a3, and a4 helices in Fig 1C) . Given the extensive number of observed OspG and Ub intermolecular contacts, Ub binding likely stabilizes the arrangement of OspG C-lobe helices and, therefore, critical catalytic residues.
OspG forms complexes with various human E2~Ub conjugates
Interactions of E2~Ub conjugates with proteins not directly involved in Ub transfer reactions have rarely been reported. Using a twohybrid approach, Kim et al (2005) found that OspG could interact with several E2s, including members of the Ube2D, Ube2E, and Ube2L families. With approximately 40 E2s encoded in the human genome, defining which E2s form complexes with OspG may provide additional functional insight. To augment the previous twohybrid studies, we determined which E2s co-purify with OspG from transiently transfected HeLa cells and from extracts generated from Caco-2 intestinal epithelial cells (Table 2) .
YFP-tagged OspG was transiently transfected into HeLa cells and fluorescence microscopy showed that OspG was diffusely distributed throughout transfected cells ( Supplementary Fig S2A) . Mass spectrometry analysis of YFP-immunoprecipitates identified UbcH5b (Ube2D2), UbcH5c (Ube2D3), Ube2E1, UbcH7 (Ube2L3), and UbcH8 (Ube2L6) as OspG-associated E2s that were not present in the YFPonly control (Table 2 ). In a second approach, extracts were prepared from Caco-2 intestinal epithelium cells and incubated with recombinant GST-tagged OspG. OspG complexes were affinity purified on glutathione resin, washed repeatedly, and eluted. Mass spectrometry analysis identified the E2s Ube2D2, Ube2D3, Ube2E1, Ube2E2, Ube2K, and Ube2L3 as present only in the GST-OspG sample. These E2s are the same as those identified above with the addition of Ube2E2, Ube2K and Ube2L6 ( Table 2 ).
The ability of the E2s identified above to bind to OspG as E2~Ub conjugates was confirmed in vitro (Table 2, Supplementary Fig  S2B) . GST-OspG was incubated with a panel of purified E2s representing the above families. UbcH5a (Ube2D1), Ube2E3, and Ubc13 (Ube2N) were also included in these experiments. Prior to mixing with OspG, each E2 was pre-incubated with E1, Ub, and MgCl 2 in the presence or absence of ATP to compare OspG interactions with E2~Ub conjugates relative to the free components. OspG-containing complexes were isolated on GST-affinity resin, washed, and released by boiling in SDS-sample buffer under both reducing and nonreducing conditions. SDS-PAGE followed by Coomassie staining shows that OspG binds each E2~Ub conjugate with enough affinity to be observed by this procedure ( Supplementary Fig S2B and S5B , Fig 3B) , whereas individual E2 and Ub subunits that were not covalently tethered via a thioester linkage were not observed.
Comparison of the various human E2~Ub conjugates that form complexes with OspG suggest they share common structural fea- A B Figure 3 . UbcH5c Phe62 is required for complex formation with OspG.
A UbcH5c F62 (green) binds to a shallow pocket formed by OspG residues Y80, L99, P102, and F154. B Input: non-reducing samples of reaction mixtures prior to the addition of GST-OspG showing generation of E2~Ub conjugates from wild-type UbcH5c, F62A-UbcH5c, and Ube2S. Pulldown: reducing SDS-PAGE shows GST-OspG only forms a high affinity complex with wild-type UbcH5c~Ub.
Source data is available online for this figure.
The tures. The UbcH5c residues described above that contact OspG are the same as those commonly involved in E2/E3 interactions and are often conserved ( Supplementary Fig S3A and B) . The most extensive side chain interactions involve UbcH5c residues F62 and P95, which contact a shallow hydrophobic pocket formed by OspG residues F79, Y80, L99, P102 and F154 ( Fig 3A) . UbcH5c P95 is highly conserved among human E2s and all the E2s found to interact with OspG have an aromatic or large hydrophobic residues at the position structurally analogous to UbcH5c F62. Mutation of UbcH5c F62 to alanine abolishes the observed interaction between UbcH5c~Ub and OspG in in vitro pulldown assays ( Fig 3B) . We also failed to observe an interaction with Ube2S~Ub, which has an alanine at this position ( Fig 3B) . Therefore, OspG can potentially bind an array of E2~Ub conjugates within the host cell, with the only commonalities being the Ub moiety and conservation in the OspG/E2 interaction interface ( Supplementary Fig S3) .
OspG binds isolated UbcH5c and Ub with low affinity
To understand the contributions each protein subunit makes toward complex formation, we examined pairwise interactions using NMR spectroscopy. , compare black and red spectra), consistent with the formation of a high affinity, high molecular weight complex. High quality NMR spectra of the complex can be obtained if the protein subunits are perdeuterated (which often allows NMR data collection on higher molecular weight proteins and complexes; Supplementary Fig S4A) , showing that the observed reduction in resonance intensity is not simply due to non-specific self-association. By comparison, addition of OspG to 15 N-labeled UbcH5c and Ub resulted in much more moderate perturbations, indicative of weaker interactions. The Ub and UbcH5 interaction surfaces, identified by the largest observed resonance perturbations in NMR titration experiments, map to the same surfaces identified in the crystal structure. The sensitivity of NMR titrations for weak interactions confirms that while the individual components interact with low affinity, covalent linkage of UbcH5c and Ub to form the E2~Ub conjugate allows both subunits to bind simultaneously for a high affinity interaction.
We also note that HSQC spectra of free OspG show a high degree of heterogeneity and resonance broadening, consistent with the existence of significant conformational exchange and/or protein self-association ( Supplementary Fig S4B) . As our structure would indicate, the N-and C-terminal lobes most likely make very few inter-domain contacts and would thus exhibit conformational exchange with respect to each other. Therefore, the crystal structure A Raw heat outputs and integrated isotherms for titration of 1 mM ATP-c-S into 50 lM GST (left), GST-OspG (center), or GST-OspG/UbcH5c-O~Ub complex (right). B (1-5) c 32 P-ATP kinase assay following phosphorylation of GST-OspG and Histone H1. 1) OspG alone, 2) premixed OspG + UbcH5c-O~Ub, 3) premixed OspG + UbcH5c + Ub (unconjugated), 4) premixed K53M-OspG + UbcH5c-O~Ub, 5) premixed C127R-OspG + UbcH5c-O~Ub. The panel below depicts the proteins present in each reaction mixture. C OspG stabilizes the UbcH5c~Ub conjugate. 5 lM samples of purified UbcH5c~Ub or OspG/UbcH5c~Ub were reacted with 50 mM Lysine over a 60-min time course.
Non-reducing gel samples were separated by SDS-PAGE, transferred to nitrocellulose, and visualized by Western analysis for the N-terminal HA epitope on Ub. Decay of the UbcH5c~Ub species is shown.
Source data are available online for this figure.
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Another interpretation is that binding of ATP-c-S to free OspG is entropically driven whereas there is a large enthalpic contribution observed on binding to the OspG/UbcH5c~Ub complex. This scenario suggests a change in mechanism for ATP binding. In either case, complex formation has a significant affect on OspG/ligand interactions. OspG has been shown to have some auto-phosphorylation activity (Kim et al, 2005) which appears to target a serine residue located in the linker between the GST and OspG subunit in fusion constructs (Zhou et al, 2013) . We found that Histone H1 can also be used as a proxy substrate in kinase activity assays (Fig 5B) . Free OspG exhibits very weak kinase activity (Fig 5B, lane 1) , while the OspG/UbcH5c~Ub complex exhibits substantially greater activity in phosphorylating both GST-OspG and Histone H1 (Fig 5B, lane 2) . Kinase activity depends on the covalent linkage between UbcH5c and Ub, as measured activity is significantly lower in the presence of an equimolar mixture of free UbcH5c and Ub (Fig 5B, lane 3) . As expected, disruption of the OspG Lys53-Glu72 salt bridge by mutation of Lys53 to Met abolishes OspG kinase activity (Fig 5B, lane 4) . Finally, the integrity of the interaction between E2~Ub and OspG is critical as introduction of a point mutation at the Ub-binding interface, C127R-OspG, greatly diminished kinase activity in the presence of the UbcH5c~Ub conjugate (Fig 5B, compare lanes 2 and 5;  Fig 1B) . Thus, both the ATP-binding and kinase activity assays are consistent with a model in which the OspG kinase domain is activated upon binding to an intact UbcH5c~Ub conjugate.
OspG-binding stabilizes the UbcH5c~Ub conjugate
In the complex, OspG holds the E2~Ub conjugate in an extended conformation with the E2 active site fully accessible to solvent. Our previous studies of E2~Ub conjugates in solution showed that the E2 and Ub subunits are highly dynamic with respect to each other Jonathan Pruneda et al, 2011) . Interaction with a RING E3 Ub-ligase promotes closed conformations of the E2~Ub that are associated with increased reactivity toward nucleophiles, as demonstrated by reactivity toward the free amino acid Lysine (Wenzel et al, 2011; Dou et al, 2012; Plechanovov a et al, 2012; Pruneda et al, 2012) . When the same assay is used to measure the reactivity of the UbcH5c~Ub conjugate in the context of the OspG complex, the stability of the E2~Ub is substantially increased compared to isolated UbcH5c~Ub (Fig 5C) . This contrasting result nicely demonstrates that, while the closed E2~Ub conformations induced by RING E3 ligases are highly reactive, the extended conformation maintained by OspG is highly stable.
Comparison of OspG to related effector kinases
A number of bacterial effector kinases have been identified in certain strains of Yersinia (e.g. YspK) and enterohemorrhagic E. coli (Nobe et al, 2009 ) that show high sequence homology to Shigella OspG. The closely related effectors share 90% or higher sequence identity with OspG and at least 95% sequence similarity. Side-chain contacts to UbcH5c and Ub are 100% conserved in these effectors and strongly suggest they similarly require activation by E2~Ub conjugates ( Supplementary Fig S5A) . A second group of effectors that includes NleH1 and NleH2 (also found in enterohemorrhagic E. coli) are often functionally compared to OspG. However, NleH1 and NleH2 kinases share only approximately 25% primary sequence identity with approximately 50% similarity in the kinase domain ( Supplementary Fig S5A) . These effectors have additional N-terminal regions, but intriguingly, sequence alignment show that NleH1 and NleH2 have small kinase domain C-terminal lobes like that of OspG ( Supplementary Fig S5A) , implying that they may also bind other proteins in this region. We note that only 13% of residues are conserved between OspG and NleH1 in the potential E2~Ub contact surfaces ( Supplementary Fig S5A) , suggesting that NleH1 and NleH2 may not bind E2~Ub conjugates. Consistent with this notion, we were unable to observe an interaction between GSTtagged NleH1 and NleH2 from O157:H7 Escherichia coli and UbcH5-c~Ub in pulldown assays ( Supplementary Fig S5B) . In contrast to OspG, NleH1 and NleH2 show robust kinase activity when purified from bacteria (Gao et al, 2009 and Supplementary Fig S5C) and we did not detect additional catalytic enhancement in the presence of Ub or the Ub-like proteins NEDD8, SUMO1, or ISG15 (Supplementary Fig S5C) . Thus, NleH1 and NleH2 do not require interaction with Ub or these Ub-related molecules for activity, though we cannot rule out that the C-terminal lobe in these kinases may potentially interact with other eukaryotic proteins.
A murine model of shigellosis demonstrates OspG/E2~Ub binding is critical for OspG function
To examine the importance of OspG/E2~Ub complex formation during Shigella pathogenesis, we applied a recently developed oral murine model of Shigella infection that displays many characteristics of shigellosis (Martino et al, 2005) . Infection of BALB/c mice with wild-type streptomycin-resistant Shigella resulted in weight loss and colonization of the gut (Fig 6) . Shigella was observed in the feces of mice after 1 day of infection and continued throughout the course of the experiment. Consistent with the results of Bernardini and coworkers, infection with wild-type Shigella did not result in mortality of mice. In contrast, infection with Shigella deleted for ospG (Shigella DospG) resulted in a reliable 30% mortality after 3 days of infection (Fig 6A) . Mice that had not succumbed by the third day of infection became more active and began to gain weight. No mice mortality was observed after 3 days of infection. The most severely sick (by clinical score) DospG infected mice often displayed colons that were discolored and devoid of fecal pellets (Fig 6B) . Mice infected with DospG did not display diarrhea but liquid was regularly observed on the fur around the anus of approximately 30% of the mice during days two and three post infection. These gross pathologies were not observed in mice infected with wild-type Shigella. Infection with wild-type Shigella or Shigella DospG, however, resulted in similar bacterial burdens in the feces and from homogenates of the cecum or liver (Fig 6C, Supplementary Fig S6A and B) . Additionally, there were no obvious histological differences comparing the wildtype and Shigella DospG infected mouse colons (Fig 6D) . Infected mice show some infrequent patchy mucosal and submucosal infiltration by mononuclear cells though the crypt architecture is mostly left intact. We conclude that OspG is required to down-regulate acute disease, although the precise mode of action awaits further investigation. We used the mouse infection model to directly test the role of the OspG/E2~Ub complex during Shigella pathogenesis. We complemented the DospG strain by re-introducing wild-type or variant ospG directly into the virulence plasmid. Similar to the wild-type Shigella strain, infection of mice with the DospG+ospG wt strain did not result in a lethal infection, demonstrating the efficacy of our complementation strategy (Fig 6A) . Furthermore, both the DospG and DospG+ospG wt strains showed similar effector secretion profiles to the wild-type strain in vitro ( Supplementary Fig S7) . Infection with the DospG+ospG mut strain bearing the G81R and C127R mutations at the E2~Ub interface (Fig 1B) , however, resulted in a 30% mortality, identical to the strain lacking OspG entirely (Fig 6A) . In addition, the colons of the severely sick mice infected with the Shigella DospG+ospG mut strain were devoid of fecal pellets and discolored, similar to those of mice infected with the DospG strain (Fig 6B) . Colons from mice infected with Shigella DospG+ospG wt had colons more similar to those infected with wild-type Shigella (Fig 6B) . Infection with a catalytically deficient ospG (DospG+ospG CD ) strain bearing the catalytically-dead K53M mutation at the OspG active site resulted in an intermediate phenotype. There was no statistical difference in mortality between mice infected with wild-type and the DospG+ospG CD ; however, the gross histology of the colons from the DospG+ospG CD more closely resembles those from the DospG mutant than the wild-type (Fig 6A  and B) . We conclude that OspG is required for decreasing the severity of Shigella infection in mice and that this activity depends upon interaction with host E2~Ub conjugates. In addition, our data support E2~Ub-mediated OspG kinase regulation in vivo.
Discussion
Bacterial pathogens have developed numerous strategies to inhibit or evade host immune responses. In most cases, successful colonization requires bacterial effector proteins that target key signaling The EMBO Journal Effector kinase OspG is activated by host E2~Ub Jonathan N. Pruneda et al pathways to be introduced directly into the cytosol of host cells. Many effectors have been found to be highly active enzymes that can out-compete their eukaryotic counterparts (Levin et al, 2010) . However, not all effectors exhibit high levels of enzyme activity on their own, but rather require interaction with additional eukaryotic factors for their function. The Yersinia virulence factor YpkA is dependent on interaction with a eukaryotic-derived host factor, actin, for activation of its kinase activity (Juris et al, 2000) . The activity of the phospholipase ExoU, a key virulence factor in P. aeruginosa pathogenesis, has been shown to be stimulated by interaction with Ub, poly-Ub chains, or Ub-modified proteins (Anderson et al, 2011) . Since bacterial cells do not contain Ub, this strategy ensures that the effector will not be active until it is introduced into the eukaryotic host. Here, we present the structure of the Shigella effector protein OspG and show that it requires interaction with host E2~Ub conjugates to stimulate its kinase activity in vitro and its virulence function in a mouse infection model. Complex formation is essential for maximal activity and OspG mutations that target the E2~Ub binding interfaces impact kinase activity in vitro and in mouse infection models. Though these mutations are far removed from the OspG active site and kinase regions associated with substrate binding, mice infected with Shigella harboring OspG mutations in the E2~Ub interface show the same mortality rates as mice infected with Shigella lacking OspG entirely. The mortality observed in these experiments likely arises from the severity of the host immune response which DospG Shigella strains have difficulty attenuating. Although a recent report suggests that Ub is sufficient to activate the kinase activity of OspG (Zhou et al, 2013) , we find the more relevant species in activating OspG kinase activity is the E2~Ub conjugate (Fig 5B) . An important consequence of the large and extended contact surface in the complex is proper orientation of the N-and C-terminal lobes of the kinase-a result that Ub binding alone cannot recapitulate. Comparisons of protein contact maps derived from structurally similar kinases (i.e. RIO1, RIO2, CDK-like kinase, and IL1 receptor-associated kinase; PDB IDs 1ZTH, 1ZAR, 4AGU, and 2NRU, respectively) reveal that the kinase domain of OspG has fewer of the inter-lobe contacts that typically stabilize an active conformation (Supplementary Fig S1D) . To offset this deficiency, OspG co-opts E2~Ub conjugates, which are likely available in abundance in the host cell (Haas & Rose, 1982) . Though both the E2 and Ub subunits bind simultaneously, the complex is not likely to be completely rigid. The flexibility of the E2~Ub thioester linkage could accommodate any OspG inter-lobe motions required during ligand binding and catalysis.
Enhancement of OspG kinase activity could be the primary affect of E2~Ub/OspG complex formation. In this case, it is expected that Shigella harboring a kinase dead mutant will have the same phenotype as OspG null or OspG mutants that prevent E2~Ub binding. The intermediate levels of disease/pathology observed in our mouse models relative to OspG null or E2~Ub binding mutants (Fig 6) suggest that E2~Ub conjugates may play an additional role in OspG function. We note that OspG can form complexes with at least 10 distinct human E2~Ub conjugates (Table 2, Supplementary Fig S2) . Peptides from Ube2L3 and Ube2L6 were the most highly represented E2 class after mass analysis of OspG interacting E2s derived from HeLa cells and Caco-2 cell extracts. It is certainly possible that OspG has greater selectivity for these E2s in vivo, and Ube2L3 and Ube2L6 could play an important role in OspG localization and/or substrate recognition. Alternatively, we note that OspG recognizes E2 structural elements in Helix 1, Loop 4, and Loop 7 (Fig 1B) that are highly conserved among a large number of human E2s ( Supplementary  Fig S3) . A second possibility is that complex formation with any of a number of human E2~Ub conjugates is sufficient to enhance kinase activity and the common OspG/Ub subunits of the complex are sufficient for full OspG function. Thus, OspG may not have to rely on complex formation with a specific E2~Ub conjugate for function during pathogenesis.
OspG represents a minimal kinase domain, having no activation loop and only three C-terminal lobe helices. The lack of an OspG activation loop and deviation from the HxD-motif is similar to the so-called non-RD kinases, many of which are constitutively active. Overall, OspG displays the highest structural similarity to ATPbound conformations of the RIO-family of atypical protein kinases present in all kingdoms of life ( Supplementary Fig S8) . Positions of aC helices, catalytic loops, and metal-binding loops in RIO kinases are very similar to those observed in the structure of OspG. OspG and the RIO-family kinases also lack an activation loop that is found in many eukaryotic kinases. This suggests that once OspG forms a complex with an E2~Ub conjugate, the kinase will then be constitutively active. However, in contrast to OspG, the RIO kinase domains have a fourth C-terminal helix and the key Asp residue that orients the HRD-catalytic loop, features commonly found in other eukaryotic kinases.
Interestingly, OspG binds an extended, less reactive conformation of the UbcH5c~Ub conjugate. This conformation draws an interesting distinction with RING-E3 dependent processes that promote closed E2~Ub conformations to facilitate Ub transfer ( Supplementary Fig S9A  and B) . Structural and biochemical studies of the E2 active site have described a model in which a conserved asparagine (UbcH5c N77) interacts with the carbonyl of the thioester to stabilize an oxyanion intermediate via hydrogen bonding (Wu et al, 2003) . The same side chain also plays an important structural role in stabilizing the position of nearby active site residues in Loop 8 of the E2 (Berndsen et al, 2013) . In addition, a conserved aspartate (UbcH5c D117) located adjacent to the E2 active site is proposed to suppress the pKa of the incoming lysine thereby enhancing its reactivity (Yunus & Lima, 2006; Plechanovov a et al, 2012) . Although all these features are conserved in the OspG/UbcH5c~Ub complex, assays that measure the intrinsic reactivity of the E2~Ub thioester linkage reveal the E2~Ub is much less reactive toward lysine in the context of the OspG/E2~Ub complex as compared to free E2~Ub in solution (Fig 5C) . The UbcH5c~Ub conformation is much more similar to an E2~Ub conjugate poised for transthiolation as proposed for a HECT-type E3 ligase reaction (Supplementary Fig S9C) . Taken together, the observations suggest that the conformation of E2 active site residues in the complex is not optimal for Ub-transfer activity to lysine. Thus, formation of the OspG/UbcH5-c~Ub complex enhances kinase activity while reducing reactivity of the E2~Ub conjugate, a reciprocal effect that may serve to increase the lifetime of an active kinase complex.
In conclusion, the OspG/UbcH5c~Ub complex provides the first atomic-level view of a bacterial effector kinase domain. The requirement for OspG to interact with E2~Ub conjugates to regulate catalytic activity defines a new function for E2~Ubs. Sequence analyses identify a number of other pathogenic bacteria encoding minimal 
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The EMBO Journal effector kinases that may function via a similar mode of regulation. The structure and activation mechanism described herein establish a basis for devising strategies aimed at identifying the cellular target(s) of OspG and, more broadly, the role of the ubiquitin system in host-pathogen response.
Materials and Methods
Plasmids, protein expression, and purification
Plasmid constructs, expression, and purification of E1, E2s, and Ub were as previously described (Christensen et al, 2007) . For crystallography, ospG was cloned into a pET16 expression vector. Cells containing the ospG plasmid were grown for 16 h at 16°C after induction at OD 0.6-0.8 with 0.2 mM IPTG. Inclusion bodies containing OspG were solubilized with 8M urea, 25 mM Tris (pH 7.6), 200 mM NaCl, 10 mM NH 4 Cl, 2 mM DTT and refolded through serial two-fold dilutions of the urea with intermittent centrifugation to remove aggregated protein. The final 1M-0M urea dilution was performed by dialyisis. The protein was then concentrated and purified further by SDX75 size-exclusion chromatography into 25 mM sodium phosphate (pH 7.0), 150 mM NaCl. For all other experiments, OspG was expressed as a GST-fusion protein from the pGEX-4T-2 vector and purified using GSH resin according to the manufacturer's protocol and SDX75 size exclusion chromatography into 25 mM sodium phosphate (pH 7.0), 150 mM NaCl.
Crystallization and data collection
UbcH5c-O~Ub was prepared as previously described using the active site C85S mutation in UbcH5c to improve conjugate stability and the S22R mutation to prevent self-assembly of the conjugated species (Levin et al, 2010) . The OspG/UbcH5c-O~Ub complex was purified over SDX75 size exclusion chromatography into 50 mM HEPES (pH 7.5), 100 mM NaCl and concentrated to 200 lM. Crystals were grown by sitting drop vapor diffusion at 4°C in a 2 ll drop (1 ll protein, 1 ll reservoir solution). The optimal condition for crystal growth was 0.1 M Tris (pH 8.5), 20% EtOH from the Hampton Research Crystal Screen 2 kit. Crystals were cryoprotected in paraffin oil and shipped to the Stanford Synchrotron Radiation Lightsource for data collection on beamline 9-2. 180 frames at 1°i ntervals were collected at 100 K using a MAR325 detector with a crystal-detector distance of 350 mm. The X-ray wavelength was 0.9795 A. The datasets were processed using DENZO and SCALEPACK (Otwinowski & Minor, 1997) .
Structure solution and refinement
Phases were calculated by molecular replacement using the PHA-SER (McCoy et al, 2007) program within the CCP4 software suite and the UbcH5c structure (PDB ID 1X23) followed by residues 1-72 of the Ub structure (1UBQ). A single solution was found in spacegroup P6 3 22 with one OspG/UbcH5c-O~Ub complex in the asymmetric unit. Parrot (Cowtan, 2010) and Buccaneer (Cowtan, 2006) were used for density modification and automated model building of OspG. The model was subjected to iterative refinement with REFMAC5 and manipulation in COOT (Emsley et al, 2010) . Molprobity (Chen et al, 2010) and TLSMD (Painter & Merritt, 2006) were used during and after refinement. All structure figures were prepared using PyMOL (The PyMOL Molecular Graphics System). The atomic coordinates and structure factors have been deposited into the Protein Data Bank (code 4BVU).
Cell culture and Immunoprecipitation
Caco-2 or HeLa cells were grown in DMEM (Gibco) supplemented with 10% FBS (or 5% NCS for HeLa) and penicillin/ streptomycin. HeLa cells were transfected with Lipofectamine 2000 (Invitrogen) for 4 h before growth medium was changed and cells incubated 24-36 h. HeLa cells in 100-mm dishes were transfected with DNA encoding N-terminally YFP-tagged OspG in the pDEST6.2 vector. After approximately 48 h, cells were harvested in 20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 containing complete-Mini protease inhibitor (Roche). Lysates were centrifuged at 13,000 × g for 20 min at 4°C. The clarified lysates were incubated with GFP-Trap-M magnetic beads (ChromoTek) for 1 h at 4°C with rocking. Beads were washed 4 × 1 ml lysis buffer using a handheld magnet (Invitrogen) for bead capture. Protein was eluted by incubation of beads with 0.2 M glycine (pH 2.5) for 10 min. Supernatant was removed and neutralized with 2M Tris (pH 8.8), then further processed for mass analysis.
Cell staining
HeLa cells were grown on fibronectin coated coverslips (BD Biosciences) and transfected using Lipofectamine 2000 for 4 h before the growth medium was changed and cells incubated 24-36 h. Cells were fixed with 4% (v/v) paraformaldehyde in PBS for 20 min at room temperature, permeabilized in PBS supplemented with 0.2% BSA and 0.1% Triton X-100 for 10 min, and stained with the appropriate primary antibodies for 4 h at 4°C. Cells were washed three times in PBS and incubated with Alexa Fluor-conjugated secondary antibodies (1:500) for 2 h at room temperature. Cells were washed again and mounted on glass slides using ProLong antifade media (Invitrogen). Actin was labeled by incubation with Texas Red-phalloidin. Nuclei were stained with DAPI (4′,6′-diamidino-2-phenylindole) in the final step before mounting. Cells were imaged with a Zeiss LSM 510 META confocal microscope.
OspG pulldowns from cell extract
Caco-2 cells were grown to confluency and lysed in 50 mM Tris (pH 7.6), 150 mM NaCl, 1 mM EDTA, and 1% NP-40 with protease (Sigma) and phosphatase (Roche) inhibitor cocktails. 30 ll of GSH resin (Invitrogen) was pre-loaded with 30 ll of 50 lM protein (GSTOspG, GST-OspG/UbcH5c-O~Ub, or GST alone) and washed three times with 500 ll cold 50 mM Tris (pH 7.6) 150 mM NaCl buffer. Pre-loaded resin was incubated with 100 ll of 1 mg/ml cell extract on ice for 30 min, then washed seven times with 500 ll cold Tris/ NaCl buffer. Resin was eluted with 50 ll of Tris/NaCl + 10 mM GSH and processed for mass spectrometry analysis.
Mass spectrometry
Samples for mass analysis were digested with trypsin and peptides were separated by nanoflow reversed-phase chromatography and directly eluted into a Velos Orbitrap mass spectrometer (Thermo Scientific). Injected peptides were fragmented via collision-activated dissociation and detected in the linear ion trap of the mass spectrometer. Resulting mass spectra were searched against the human IPI database, to which the OspG protein sequence was added. Identified peptides were filtered to a 1% false-discovery rate. Only those proteins containing peptides found exclusively in the OspG containing samples (i.e. not the GST or YFP tag control) were considered to be binding partners of OspG for follow-up in vitro studies.
In vitro pulldown of OspG/E2~Ub complexes
Prior to addition of GST-OspG, 35 ll of 10 lM E2, 1 lM human E1, 20 lM Ub, and 5 mM MgCl 2 were incubated at 37°C for 15 min with or without the addition of 2.5 mM ATP. After a 10 ll gel sample was collected (input), 10 ll of GSH resin loaded with 12.5 ll of 25 lM GST-tagged protein was added and the mixture was incubated on ice for 30 min. After washing two times with 250 ll cold 25 mM sodium phosphate (pH 7.0) with 150 mM NaCl, the resin was eluted with addition of 35 ll SDS-PAGE load dye. For samples that were pre-incubated with ATP, non-reducing load dye was used to preserve the E2~Ub thioester.
NMR spectroscopy
NMR spectra were recorded on a 500 MHz Bruker Avance II (University of Washington) or a 600 MHz Varian INOVA spectrometer (Pacific Northwest National Laboratories, Richland, WA). Spectra were recorded at 25°C in 25 mM sodium phosphate (pH 7.0) 150 mM NaCl, 10% D 2 O. 1 H, 15 N-HSQC-TROSY experiments were collected on 200 lM labeled protein with or without the addition of 1 molar equivalent of unlabeled GST-OspG. Datasets were processed using NMRPipe/NMRDraw (Delaglio et al, 1994) , and visualized with NMRView (Johnson & Blevins, 1994) .
Isothermal calorimetry
Measurements were made on a MicroCal ITC-200 calorimeter with freshly prepared proteins at 25°C. Protein and ATP-c-S were made up in 25 mM HEPES (pH 7.0), 150 mM NaCl, 5 mM MgCl 2 , quantified by absorbance (with an e 260 of 15.4 mM/cm for ATP), and degassed under vacuum before use. A range of concentrations and conditions were tested, but the most binding information was obtained with 1.5 ll additions of 1 mM ATP-c-S at 3-min intervals into 50 lM protein (GST, GST-OspG, or GST-OspG/UbcH5c-O~Ub).
Reverse titrations of 100 lM protein (GST-OspG or GST-OspG/ UbcH5c-O~Ub) into 1 mM ATP-c-S were also performed to obtain an approximate measure of the total enthalpy of binding.
Kinase assays
Kinase assays were performed with purified proteins and Histone H1 (Sigma) as a proxy substrate. OspG alone, OspG mutants or OspGconjugate complexes (~6.7 lM final) were incubated in 25 mM TrisHCl (pH 7.5), 10 mM MgCl 2 , 100 lM ATP with 5 lg histone and 0.5 lCi c 32 P-ATP for 20 min at 30°C with shaking. Reactions were stopped by addition of 5X Laemlli sample buffer and boiling for 5 min. Kinase reactions were separated by SDS-PAGE on 4-12% gradient gels (Invitrogen). After transfer to nitrocellulose, membranes were washed three times for 5 min in PBS + 0.3% Tween-20 and stained with 0.2% India ink in the same buffer. Membranes were dried and exposed to autoradiographic film.
Bacterial strains and cloning
Streptomycin-resistant strain Shigella flexneri serotype 5a (M90T-Sm) was used (Onodera et al, 2012) . Shigella was routinely cultured with appropriate antibiotics in or on Trypticase Soy Broth (TSB), with or without 20 mg/ml agar and 0.01% Congo red. To construct the ospG::tetRA mutant, ospG was deleted in M90T using lambda red recombination in a manner similar to that described in (Baba et al, 2006) . For complementation studies, ospG wt , ospG mut (G81R, C127R), or ospG cd (K53M) was introduced into the M90T virulence plasmid under control of the constitutive lac promoter using the pJQ200 suicide integration vector (Quandt & Hynes, 1993) . Oligonucleotides used in construction of the ospG mutant and for the complementation strategy are listed in Supplementary Table S1 , and the detailed methods are provided in the Supplementary Data S1.
Mouse infection
Five-to eight-week-old female BALB/c mice were obtained from Charles River (St Constant, QC, Canada). A minimum of 10 mice of age 6-8 weeks were used for each experiment. Experiments were undertaken in the IWK Health Centre under the approval of the University Committee on Laboratory Animals, Dalhousie University. Mouse infections were performed as described by Martino (Martino et al, 2005 and Supplementary Data S1). The mice were monitored for either 3 or 5 days with daily assessments on severity of clinical illness and collection of fecal samples to determine bacterial burden. Clinical illness was scored based on appearance (grooming, urine staining, and coat quality), behavior (response to stimulus, posture, lethargy), appetite, hydration, temperature, and weight loss. Mice that had lost > 20% of their initial body weight or those that did not respond to stimulus were euthanized. At the culmination of the experiment, blood samples were collected and organs were harvested for histology and bacterial burden measurements (see Supplementary Data S1).
Data analysis
A non-parametric Kruskal-Wallis test was used for statistical analysis of bacterial counts in feces and organs with a P-value < 0.05 for significance, followed by a Dunn's multiple comparison (Sellge et al, 2010) . Survival curves were analyzed using a Log-rank (Mantel-Cox) test with significance defined as a P-value < 0.05.
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